RhsA is a member of the multigene Rhs family and consists of a complex genetic sequence. This sequence consists of several distinct components, including a GC-rich core (core open reading frame [ORF]), an AT-rich extension (ext-a1) of the core ORF and an AT-rich region following the core extension (dsORF-a1). The functions of RhsA and the different distinct components, which can include open reading frames, are not well understood. Here, we study the effect of overexpression of the ext-a1 sequence and the ext-a1 3 region, which includes a partial sequence of dsORF-a1, on Escherichia coli cells. Cells expressing these sequences show reduced cell growth and cell viability. The expression of these sequences dramatically affects different components of the transcription and translation machinery. Transcriptomic analysis reveals an increase in the expression of genes involved in transcription, RNA processing, and nucleotide biosynthesis and metabolism and a decrease in the expression of amino acid biosynthesis genes and transfer RNAs. Further, expression of the above-mentioned RhsA components increases ribosomal gene expression, as well as rRNA and ribosome abundance. Proteomic analysis reveals an overall reduction of protein expression at the genome-wide level in cells expressing the above-mentioned RhsA components. Based on these observations, we suspect a translation product of ext-a1 affects different regulatory mechanisms that control rRNA synthesis.
The Rhs family in Escherichia coli consists of five genetic elements. These elements are found in many, but not all, natural E. coli strains (4, 7, 11, 16) . The Rhs (or rearrangement hot spot) elements were originally detected as components of recAdependent intrachromosomal recombination (8) . Subsequent studies have defined the Rhs loci on the chromosome and elucidated the evolutionary history of these elements (4, 6, 7, 19) . Members of the Rhs family share one or more discrete homologous structures, one of which, a 3.7-kb GC-rich core, is common to all the elements. The Rhs family also contains unique sequences specific to each element, such as dissimilar sequences that flank the core of Rhs elements. Certain components of the Rhs elements also have a distinct GϩC content (approximately 40% or 60%) compared to the rest of the E. coli genome (approximately 50%), suggesting their origin is outside the E. coli species (4) . While the function of Rhs elements is not fully understood, the amino acid sequence suggests that the elements encode hydrophilic proteins with repetitive sequence elements and divergent C termini (7) .
RhsA, a member of the Rhs family, is 8.2 kb long and consists of some distinct sequence features. The RhsA sequence can include five different open reading frames (ORFs). The 3.7-kb GC-rich core includes a long core ORF that extends 417 bases into a 1.3-kb AT-rich region. This extension is designated exta1. The 1.3-kb AT-rich region also contains dsORF-a1, an 840-bp ORF. Both ext-a1 and dsORF-a1 contain a high number of infrequently or rarely used codons; however, greater use is exhibited by ext-a1. Further, core ORF (including ext-a1) is not expressed in routine laboratory cultivation (4) . Vlazny and Hill (15) have reported that overexpression of a partial sequence of ext-a1 (referred to as ORF-ex by the authors) in E. coli imparts a stationary-phase-dependent viability block to cells. This toxic effect is suppressed with overexpression of dsORF-a1 (15) . Here, we study the effect of overexpression of a fragment of the RhsA genetic element, consisting of the complete sequence of the component ext-a1 and a partial sequence of the component dsORF-a1, on E. coli cells. We monitor E. coli cell growth in response to differential expression of these elements. Transcriptomic and proteomic profiles are used to clarify the possible relationship between expression of the cloned RhsA sequences and translation. Table 1 lists the plasmids used in this work. Wild-type E. coli W3110 cells transformed with plasmids pklr1 and pKQV4 (designated W3110 pklr1 cells) were used for this study. Plasmid pklr1 derives its identity from pKFis4 and consists of RhsA components ext-a1 and a partial sequence of dsORF-a1, under the control of an IPTG (isopropyl-␤-D-thiogalactopyranoside)-inducible tac promoter, and a kanamycin (Km) resistance gene (10) . This plasmid contains the entire sequence of ext-a1 and the first 341 nucleotides of dsORF-a1, corresponding to nucleotides 4611 to 5446 in GenBank accession no. L19044 (http://www.ncbi.nlm.nih.gov/GenBank/index.html). The dsORF-a1 sequence is followed by the constitutive transcription terminators present in plasmid pklr1. Plasmid pKQV4 carries lacI q and encodes ampicillin (Amp) resistance (10) . Plasmids pklr1 and pKQV4 were obtained from Wilfred Chen (University of California, Riverside, CA).
MATERIALS AND METHODS

Strains and plasmids.
Variants of plasmid pklr1 (pklr2, pklr3, pklr4, and pklr5) were created after appropriate restriction enzyme digestion of plasmid pklr1, followed by purification of the plasmid fragment containing the Km resistance gene and subsequent religation. Plasmid pklr2 was constructed by digestion of plasmid pklr1 with BtsI to delete the tac promoter, ext-a1, and dsORF-a1 sequences. Plasmid pklr3 was constructed by digestion of plasmid pklr1 with EcoRI and MfeI to delete only the ext-a1 and dsORF-a1 sequences. Plasmid pklr4 was constructed by digestion of plasmid pklr1 with BpmI to delete the partial sequence of ext-a1. Plasmid pklr5 was constructed by digestion of plasmid pklr1 with EcoNI to delete the partial sequence of dsORF-a1. Wild type E. coli W3110 cells were then transformed with plasmids pklr2 and pkQV4, pklr3 and pkQV4, pklr4 and pkQV4, and pklr5 and pkQV4 and designated W3110 pklr2, W3110 pklr3, W3110 pklr4, and W3110 pklr5 cells, respectively. A codon-optimized variant of plasmid pklr1, pklr1OF1OF2, was created by site-directed mutagenesis (Stratagene, Cedar Creek, TX). Specifically, the codons CTA, ATA, GGA, CTA, GGG, ATA, ATA, and ATA at nucleotide positions 4828, 4831, 4846, 4849, 4900, 4903, 4924, and 4927 (GenBank accession no. L19044) were replaced with CTG, ATC, GGT, CTG, GGT, ATC, ATC, and ATC, respectively. Wild-type E. coli W3110 cells were then transformed with plasmids pklr1OF1OF2 and pkQV4 and designated W3110 pklr1OF1OF2 cells.
Culture conditions. Frozen stocks of W3110 pklr1 cells were streaked onto LB medium plates containing 80 g/ml Amp and 40 g/ml Km and incubated overnight at 37°C to form single colonies. A flask (1,000 ml) containing 200 ml of YT medium (8 g tryptone, 5 g yeast extract, 5 g NaCl in 1,000 ml water, pH 7.2) supplemented with 80 g/ml Amp and 40 g/ml Km was inoculated with a single colony of W3110 pklr1 cells and shaken at 250 rpm and 37°C. The culture was split at an optical density at 600 nm (OD 600 ) of 0.1 to generate three parallel cultures of W3110 pklr1 cells (50 ml each in 250-ml flasks). The cultures were grown to an OD 600 of 0.4 and induced with three different concentrations of IPTG (0, 0.1, and 1 mM). The time at which IPTG was added to the cultures was designated 0 h. Cells were harvested for further analysis at appropriate time points by centrifugation at 4,000 ϫ g and 4°C for 10 min. A similar culture protocol was followed for W3110 pklr2, W3110 pklr3, W3110 pklr4, W3110 pklr5, and W3110 pklr1OF1OF2 cells.
Bacterial-viability determination. Equal volumes of W3110 pklr1 cultures (0, 0.1, and 1 mM IPTG induced) were harvested 3.5 h after IPTG induction and stained using the Live/Dead BacLight Bacterial Viability Kit L7012 (Molecular Probes, Eugene, OR) according to the manufacturer's protocol. The stained cells were placed under a coverslip on a glass slide and observed under a Nikon Stereoscopic Zoom microscope SMZ1500 (Nikon, Rochester, NY) at ϫ100 magnification. Focused images were captured from three different areas of the coverslip per sample using a Spot Insight charge-coupled-device camera (Diagnostic Instruments, Sterling Heights, MI) attached to the microscope. Image analysis was performed using ImageMaster 2D Platinum software v5.0 (GE Amersham Biosciences, Piscataway, NJ) to count the cells labeled fluorescent green (viable) or red (nonviable). The average number of red cells was divided by the average sum of red and green cells to estimate the fraction of nonviable cells in the population. mRNA analysis. Cells corresponding to a 10-ml culture volume were harvested from biological replicate W3110 pklr1 cultures at 0 h (0 mM IPTG) and at 1.5 and 3.5 h (0, 0.1, and 1 mM IPTG) after IPTG induction using centrifugation. The cell pellets were immediately resuspended in RNAlater (Ambion, Austin, TX) and stored at Ϫ20°C until further processing. For RNA extraction, each of the 14 samples was washed in cold phosphate-buffered saline to remove the RNAlater. Samples were processed using MasterPure RNA purification kits (Epicentre, Madison, WI) according to the manufacturer's protocol. RNA was quantified using A 260 measurements, and prior to storage at Ϫ20°C, purity was assessed using the A 260 /A 280 ratio.
RNA samples were amplified and labeled according to the Affymetrix prokaryotic sample and array-processing protocol (Affymetrix, Santa Clara, CA) and NuGen's Ovation Biotin RNA Amplification and Labeling System (catalog number 2300; NuGen, San Carlos, CA). Briefly, cDNA fragments were generated from RNA samples via reverse transcription. The resulting cDNA was then fluorescently labeled and hybridized to E. coli antisense version 2 GeneChip probe arrays (Affymetrix, Santa Clara, CA). After washing, the hybridized arrays were scanned to detect signal from different probes. The probe intensity data from a total of 14 ϫ 2 scanned arrays (corresponding to 14 different RNA samples and 2 different labeling protocols) was analyzed using Genetraffic software (Iobion Informatics LLC, La Jolla, CA). The probe intensity data were normalized using a GC-RMA algorithm to estimate gene expression values (17) . The mRNA expression values for genes were compared across two biological states to calculate the fold change in gene expression. The genes with statistically significant fold change in expression were identified using Significance Analysis of Microarrays software (14) .
Protein analysis. For protein analysis, cells harvested from W3110 pklr1 cell cultures (10 ml each) at 0 h (0 mM IPTG) and 3.5 h (0, 0.1, and 1 mM IPTG) after IPTG induction were used. Multiplexed isobaric tagging technology (iTRAQ) followed by mass spectrometric analysis was employed for protein analysis, as described in detail elsewhere (1) . Briefly, pelleted cells were washed in a low salt solution, resuspended in lysis buffer, and lysed by sonication. A 100-g protein aliquot from each sample (determined using a Lowry protein concentration assay) was reduced, alkylated, digested with trypsin, and labeled with iTRAQ isobaric reagents (Applied Biosystems, Foster City, CA). Labeled samples were pooled and subjected to strong cation-exchange fractionation, followed by reversed-phase high-performance liquid chromatography separation prior to mass spectrometric (MS) analysis. MS and tandem mass spectrometric (MS-MS) analyses were performed using a 4700 Proteomics Analyzer (Applied Biosystems). Searches of the MS and MS-MS data against the E. coli genome were performed using GPS Explorer version 2.0 (Applied Biosystems). Peptide matches where P was Ͻ0.05 were used for protein identification. The proteins were quantified (in a relative manner) using the peak areas of the isobaric tags measured during MS-MS analysis. The set of proteomics results is available at the Proteome Commons Tranche Repository using the following hash (unique identifier): ϩ6p6sCEndPRXcDFbxV/ NN9FdMlAFHz8TuHGYCicjQgROYnq7tvdh996AdtwxVj0UvZ2ynv6D6iY5 M3wmQ1OSHYfDq9AAAAAAAAABuAϭϭ.
Ribosome analysis. Ribosomes were quantified per cell optical density unit using the procedure of Dong et al. (3) with the following modifications. The cell pellet was washed in the polymix buffer, resuspended in polymix buffer containing 100 g/ml lysozyme, and incubated for 15 min at room temperature. The cells were sonicated for 10 s on ice using a 550 Sonic Dismembrator (Fisher Scientific, Pittsburgh, PA) equipped with a cup horn. The cell lysate was mixed with 1 U/ml RNase-free DNase (New England BioLabs, Ipswich, MA) and incubated at room temperature for 10 min. Cell debris was pelleted by centrifugation at 17,900 ϫ g and 4°C for 10 min. For each sample, 600 l of the supernatant was layered atop 10.8 ml of a 15 to 35% sucrose density gradient in 14-by 89-mm polyallomer tubes (Beckman Instruments, Palo Alto, CA). Gradients were centrifuged in a Beckman SW41Ti swinging-bucket rotor at 288,000 ϫ g at 4°C for 4 h. Fractions (approximately 100 l in volume) were collected from the bottom of the polyallomer tube into a 96-well UV-transparent microplate (catalog no. 3635; Corning Inc., Corning, NY). The absorbances of the fractions were measured at 254 nm using a Versamax microplate reader (Molecular Devices, Sunnyvale, CA). The fractions were stored frozen at Ϫ80°C until further use.
Ribosomal-protein analysis. The sucrose density gradient fractions containing ribosomal peaks labeled 50S, 70S, 100S, and polysomes (multiple ribosomes translating a single mRNA) (see Fig. 6 ) were thawed to room temperature. A 2ϫ volume of chilled ethanol was added to each of the thawed fractions. Each mixture was vortexed and kept overnight at Ϫ20°C to precipitate protein. Protein pellets were obtained after centrifugation at 10,000 ϫ g and 4°C for 10 min. The protein pellets were directly resuspended in iTRAQ dissolution buffer. A 10-g protein aliquot from each sample (determined using a Lowry protein concentration assay) was reduced, alkylated, digested with trypsin, and labeled with iTRAQ isobaric reagents (Applied Biosystems, Foster City, CA). The labeled samples were pooled and separated into two fractions using strong cation-exchange (SCX) chromatography.
Strong cation exchange fractionation was performed using an Applied Biosystems cation-exchange cartridge system. The pooled iTRAQ-labeled tryptic peptides (ϳ400 l) were evaporated down to 50 l with a centrifugal vacuum concentrator and reconstituted with 1 ml of loading buffer (10 mM potassium phosphate, pH 3.0, 25% acetonitrile [ACN]). The pH of the sample was adjusted to 3.0 with phosphoric acid prior to cartridge separation. After conditioning of the SCX cartridge with loading buffer, the samples (ϳ40 g) were loaded and washed with 2 ml of loading buffer. The peptides were eluted in two steps using 1 ml of loading buffer containing 75 mM KCl and 500 mM KCl. The two SCX fractions were partially evaporated to remove ACN and desalted by solid-phase extraction.
Reverse-phase separation and MS-MS analysis were performed using a procedure described previously (9) with the following modifications. The peptides were eluted from PepMap C 18 RP nanocolumn using a 90-min gradient of 5% to 40% acetonitrile in 0.1% formic acid at 250 nl/min. MS and MS-MS analyses were performed on a hybrid triple-quadrupole linear ion trap mass spectrometer, 4000 Q Trap (Applied Biosystems), equipped with a Micro Ion Spray Head ion source. MS data acquisition was performed using Analyst 1.4.1 software (Applied Biosystems) in positive ion mode for information-dependent acquisition (IDA) analysis. MS-MS spectra generated from nano-liquid chromatography (LC)/ electrospray ionization (ESI)-based IDA analyses were interrogated using ProteinPilot software 1.0 (Applied Biosystems) for database searches against the E. coli database by the Paragon method. The setting for trypsin with methyl methane thiosulfonate (MMTS) modification of cysteine and methionine oxidation was used for quantitative processing and identification. Peptide matches where P was Ͻ0.05 were used for protein identification. The peptides were quantified (in a relative manner) using the peak areas of the isobaric tags measured during MS-MS analysis. Total RNA analysis. For total RNA analysis, in accordance with the manufacturer's protocol, 1 ml of RNAprotect Bacteria Reagent (Qiagen Inc., Valencia, CA) was added to 0.5 ml of each cell culture of interest to stabilize the cells. Total RNA was extracted from the stabilized cell pellet using the RNeasy Mini Kit (Qiagen Inc.) following the manufacturer's protocol. The extracted RNA was quantified using A 260 measurements and was stored at Ϫ20°C until further use. The extracted RNA was analyzed using formaldehyde-based denaturing agarose gel electrophoresis as described elsewhere (12) . The gels were stained using SYBR green I Nucleic Acid Stain (Invitrogen, Carlsbad, CA). The stained gels were imaged on an FLA-3000 (Fujifilm Medical Systems, Stamford, CT). Image analysis was performed using ImageMaster 2D Platinum software v5.0 (GE Amersham Biosciences) to measure the intensity of the bands in the gel images.
rRNA sequencing. Bands corresponding to 23SЈ and 16Sp RNA (RNA designations are discussed in "RhsA component overexpression alters rRNA expression" below; see Fig. 8 and 9) were excised from agarose gels. RNA was extracted from the excised gel bands using a QIAquick gel extraction kit (Qiagen Inc.) following the manufacturer's protocol. The RNA was then ligated to different oligonucleotide sequences at the 3Ј end using T4 RNA ligase (Ambion Inc.). The oligonucleotide sequences were designed to serve as templates for primer binding during reverse transcription and were commercially synthesized at Integrated DNA Technologies (Coralville, IA). A cDNA template for PCR amplification was generated from the RNA-oligonucleotide hybrid using the Senscript RT kit (Qiagen Inc.). The PCR-amplified product was purified using agarose gel electrophoresis followed by gel extraction and sequenced at the Biotechnology Resource Center, Cornell University (Ithaca, NY). Sanger sequencing was used to partially sequence the 16Sp and 23SЈ RNA to establish the identities of the RNA bands.
rRNA analysis. The sucrose density gradient fractions containing ribosomes were thawed to room temperature. RNA was extracted using the RNeasy Mini Kit (Qiagen Inc.) following the manufacturer's protocol except for the following modification. The lysozyme lysis step was not performed, and 200 l of buffer RLT was directly added to the sucrose density gradient fraction. The extracted RNA was analyzed using denaturing agarose gel electrophoresis as mentioned above.
Reinoculation studies. Equal numbers of cells from 0 and 1 mM IPTGinduced W3110 pklr1 cultures at 3.5 h after IPTG induction were used to inoculate fresh YT medium supplemented with Km and Amp. The culture inoculated with cells overexpressing RhsA elements was split at an OD 600 of 0.1, and one of the cultures was induced with IPTG (final concentration, 1 mM). Culture growth was monitored using OD 600 measurements. Total RNA was extracted from the IPTG-induced cells initially used to inoculate fresh medium. Total RNA was also extracted from reinoculated cell cultures at the point of IPTG induction and at 3 h after IPTG induction (see Fig. 10 ). Total RNA was analyzed using denaturing agarose gel electrophoresis as mentioned above.
Microarray data accession number. The entire set of supporting microarray data has been deposited in the Gene Expression Omnibus (GEO) database (http://www.ncbi.nlm.nih.gov/geo/) and can be accessed under GEO accession number GSE12411.
RESULTS
Expression of RhsA components reduces measured OD. In this work, we studied the effects of expression of RhsA components ext-a1 and a partial sequence of dsORF-a1 at different induction levels on E. coli W3110 cells. These elements are carried on a medium-copy-number plasmid under the control of an IPTG-inducible tac promoter. The OD of W3110 pklr1 cells after induction with 0, 0.1, and 1 mM IPTG was monitored. As seen in Fig. 1a , W3110 pklr1 cells show a reduction in final OD after induction with IPTG. This reduction is enhanced when larger amounts of IPTG are added to the growth medium. W3110 pklr2 cells, which contain plasmid pKQV4 and a variant of plasmid pklr1 lacking the cloned RhsA sequences and the tac promoter, did not show any reduction in final OD upon addition of IPTG to the growth medium (Fig. 1b) .
Reduction in OD due to biological activity of RhsA elements. The ext-a1 sequence is rich in rare codons, with a Sharp and Li codon adaptation index for ext-a1 of 0.157 (4) . It has been suggested that overexpression of an mRNA dependent on rare codons can inhibit cell growth (18) . To gain insight into whether the observed reduction in the final OD during RhsA component expression is due to the biological activity of the cloned RhsA sequences or to the overexpression of a sequence rich in rare codons (ext-a1), we expressed a codon-optimized variant of the sequence ext-a1 using plasmid pklr1OF1OF2. Four consecutive rare codon pairs (a total of eight codons) in the cloned ext-a1 sequence were replaced with synonymous codons known to be used frequently in E. coli. The replacement of the consecutive rare codons in ext-a1 with synonymous frequently used codons reduces the number of rare codons in the ext-a1 mRNA and is expected to increase the translation rate of the mRNA with synonymous codon replacements compared to the wild-type mRNA. A greater negative effect on the final OD is observed in W3110 pklr1OF1OF2 cells upon IPTG addition than in the W3110 pklr1 cells (Fig. 1c) . This observation is consistent with the reduction in OD resulting from some biological activity of the cloned RhsA sequences.
ext-a1 expression alone reduces cellular growth. To better understand the role of the two cloned sequences (ext-a1 and dsORF-a1) individually, in terms of impact on the final OD, we created three variants of plasmid pklr1, namely, pklr3, pklr4, and pklr5. The construction of these plasmids is described in Materials and Methods. As summarized in Fig. 2 , upon IPTG addition to culture media, a reduction was observed only in W3110 pklr5 cells. Further, the phenotype was lost upon deletion of a region in the vicinity of the 3Ј end of ext-a1 (plasmid pklr4). This result is consistent with the work of Vlazny and Hill (15) , where expression of the last 25 codons of the core ORF (and ORF-ex) was observed to be essential in imparting cellular growth toxicity (15) . Thus, our study confirmed that the expression of the cloned ext-a1 sequence is toxic to the cells and is responsible for the observed growth reduction, as measured by OD, in induced W3110 pklr1 cells.
Expression of RhsA components reduces cell viability. The effect of overexpression of cloned RhsA sequences on E. coli W3110 pklr1 cell viability was observed by differential fluorescence staining of the viable and nonviable cells from the cultures (induced with 0, 0.1, and 1 mM IPTG and then harvested at 3.5 h). The viable and nonviable cells appear green and red, respectively, when observed under a fluorescence microscope (Fig. 3) . As expected from OD 600 measurements shown in Fig.  1a , the total number of cells (corresponding to green and red spots) in 1 mM IPTG-induced culture is the lowest among the three cell cultures. However, the fraction of nonviable cells Figure 5 shows the fold change in expression of some genes coding for 30S ribosomal subunit proteins. Many genes involved in transcription, RNA processing and degradation, nucleotide biosynthesis and metabolism, and DNA replication and repair also show an increase in expression in IPTG-induced W3110 pklr1 cells. The factor for inversion stimulation, fis, which is involved in regulation of rRNA synthesis (13) , shows at least an 11-fold increase in expression in IPTG-induced W3110 pklr1 cells. A subset of the genes belonging to the above-mentioned functional categories is listed in Table 2 with corresponding fold changes in mRNA expression upon induction with 0.1 and 1 mM IPTG.
A greater number of genes involved in amino acid biosynthesis and metabolism and in central intermediary metabolism show a decrease in mRNA expression in IPTG-induced W3110 pklr1 cells. To serve as a control for the above-mentioned analysis, the mRNA expression of 1 mM IPTG-induced W3110 pklr2 cells (lacking RhsA elements) was compared to that of uninduced W3110 pklr2 cells. Apart from the increase in the expression of lac operon genes (lacA, lacY, and lacZ), no statistically significant changes in gene expression were detected. No significant changes were observed between 1 mM IPTGinduced W3110 pklr2 cells and uninduced pklr1 cells for genes listed in Table 2 (data not shown).
Based on GeneChip probe array measurements, many tRNAs show a decrease in expression in the IPTG-induced W3110 pklr1 cells compared to the uninduced cells. This decrease in expression is observed in the case of tRNAs that are not present on rRNA (rrn) operons.
Translation and posttranslational modification genes show increased protein expression upon RhsA component expression. To measure changes in protein expression, we used an isobaric-tagging-based shotgun proteomics approach. In this approach, four isobaric reagents were used to label peptides from four different protein samples of interest, thus enabling relative quantitation by tandem mass spectrometry of proteins in four different biological samples in parallel (1). Cell lysates from W3110 pklr1 cultures harvested at 0 h (0 mM IPTG) and 3.5 h (0, 0.1, and 1 mM IPTG) were processed independently to generate peptides for labeling and further analysis. We identified and quantified 780 unique proteins in each of the 
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RhsA SEQUENCES PERTURB TRANSLATION MACHINERY 4873 four samples using the above approach. As expected, LacZ expression is observed to increase 5-fold in W3110 pklr1 cells induced with 0.1 and 1 mM IPTG compared to the uninduced cells. The proteins quantified in this study were broadly classified into different categories based on their functions. Figure  4 shows the number of proteins in each functional category exhibiting either an increase or a decrease in expression in 1 mM IPTG-induced W3110 pklr1 cells with respect to the uninduced cells harvested at 3.5 h after IPTG addition to the medium. Many proteins involved in translation and posttranslational modification show an increase in expression in IPTGinduced W3110 pklr1 cells. However, a greater number of proteins in many functional categories, including amino acid biosynthesis, cell processes, metabolism, and transport, show a decrease in expression upon IPTG-induced overexpression of RhsA elements. There also appears to be an overall reduction of protein expression at the genome-wide level in IPTG-induced W3110 pklr1 cells. Of a pool of 780 genes, 22% show a greater-than-50% decrease in protein expression in 1 mM IPTG-induced cells compared to the uninduced cells (Table 3) . Furthermore, the number of proteins showing reduced expression increases with an increase in the amount of IPTG added to the medium. For example, in 1 mM IPTG-induced cells, approximately 11% of proteins show a greater-than-2-fold decrease in expression compared to 6% of proteins in 0.1 mM IPTG-induced cells. RhsA component overexpression increases ribosome abundance. The mRNA and protein expression data suggest that the genes involved in translation, including the genes coding for 30S and 50S ribosomal subunit proteins, show an increase in expression in IPTG-induced W3110 pklr1 cells. To investigate whether an increase in gene expression of ribosomal subunit proteins results in a higher intracellular ribosome concentration, ribosomes from W3110 pklr1 cells harvested 1.5 and 3.5 h after IPTG induction (0, 0.1, and 1 mM) were purified using sucrose density gradients. Figure 6 shows the absorbance profiles of the sucrose density gradient fractions for samples harvested at 3.5 h. In the case of uninduced cells, three distinct peaks are observed, and in the case of IPTG-induced cells, more than three peaks are observed in the absorbance profiles. These peaks are labeled peaks 1 to 3 in Fig. 6a and peaks 1 to 5 in Fig. 6b and c. To establish the identities of these peaks, we performed a proteomic analysis on the density gradient fractions containing the peaks. Proteomic analysis revealed the presence of 30S subunit proteins in peak 1 and 50S subunit proteins in peak 2; thus peaks 1 and 2 were labeled 30S and 50S, respectively. Both 30S and 50S subunit proteins were observed in peaks 3, 4, and 5, suggesting the presence of 70S subunit monomers or multimers in these peaks. We labeled these peaks 70S, 100S, and polysome fractions, and this assignment is discussed below.
As seen in Fig. 6 , there is an increase in the peak areas of 30S, 50S, and 100S subunits per cell optical-density unit in the IPTG-induced W3110 pklr1 cells compared to the uninduced W3110 pklr1 cells. An increase in the peak areas is consistent with an increase in the concentrations of 30S, 50S, and 100S subunits in the induced cells. Similar density gradient absorbance profiles were obtained for induced W3110 pklr1 samples harvested at 1.5 h (data not shown). As a control, ribosomes from W3110 pklr2 cells (lacking cloned RhsA sequences and the tac promoter) harvested at 3.5 h (from 0 and 1 mM IPTGinduced cultures) were also quantified. As seen in Fig. 7 , the density gradient absorbance profiles of the uninduced and induced W3110 pklr2 cells are very similar to each other and to the absorbance profile of uninduced W3110 pklr1 cells. These observations are consistent with an increase in the concentrations of different ribosome subunits and polysomes in the ribosome density gradient absorbance profiles of induced W3110 pklr1 cells upon overexpression of the cloned RhsA sequences.
RhsA component overexpression alters rRNA expression. To investigate the increase in the concentrations of 30S, 50S, and 100S subunits, we analyzed total RNA from W3110 pklr1 cells harvested at 1.5 and 3.5 h after IPTG induction (0, 0.1, and 1 mM) as described in Materials and Methods. Approximately 15 to 20% greater amounts of RNA were extracted consistently from IPTG-induced W3110 pklr1 cells than from equal numbers (based on optical density measurements) of uninduced cells. Assuming equal extraction efficiencies, an increase in total RNA indicates an increase in the concentration of rRNA in IPTG-induced cells, which is consistent with the observed increase in the abundance of ribosomal subunits in these cells. The RNA extracted from these cells was further analyzed using denaturing agarose gel electrophoresis (Fig. 8) . Two distinct bands corresponding to the 16S and 23S rRNAs are observed on the gel in the lanes containing RNA extracted from uninduced cells (at 1.5 and 3.5 h). However, in the lanes containing RNA extracted from IPTG-induced W3110 pklr1 cells, three more bands, apart from those corresponding to 16S and 23S, are observed. Based on the sizes and locations of these bands on the gel, we have designated them 23SЈ, 16S precursor (16Sp), and 5S precursor (5Sp). Sequencing results for partial regions of 23SЈ and 16Sp (see Materials and Methods for details) suggest that the RNAs in these bands have very high sequence homology (Ͼ99% in the sequenced region) to 23S and 16S rRNA, respectively. 5Sp could not be sequenced due to technical limitations. An image analysis of the gel reveals that the intensities of the 23SЈ, 16Sp, and 5Sp bands increase with an increase in the expression of the cloned RhsA sequences. The intensities of these bands are higher in the 3.5-h samples than in the 1.5-h samples. Also, at any given time point, the intensities of these bands increase with the amount of IPTG added to the growth medium.
The RNA from sucrose density gradient fractions corresponding to 30S, 50S, 70S, 100S, and polysome peaks was extracted as described in Materials and Methods and analyzed using denaturing agarose gel electrophoresis. As seen in the gel images in Fig. 9 , the bands corresponding to 16S and 23S are predominantly observed in the 30S and 50S peaks, respectively, as expected. The presence of a 16S band in the 50S peak and a 23S band in the 30S peak suggests incomplete separation of the 30S, 50S, and 70S ribosomal peaks during sucrose density gradient fractionation. A band corresponding to 16Sp RNA is present only in the 30S peak fraction, while a 23SЈ RNA band is present in the 50S, 70S, and 100S peak fractions in IPTGinduced W3110 pklr1 cells. Some 23SЈ RNA is also present in the polysome peak fractions (data not shown). Further, the intensity of the 16Sp band increases with the amount of IPTG added to induce the expression of the cloned RhsA sequences. RhsA component overexpression-induced change in rRNA expression correlates with a decrease in final OD. IPTG-induced and uninduced W3110 pklr1 cells were harvested at 3.5 h for reinoculation into fresh medium (lacking IPTG). Cultures inoculated with IPTG-induced W3110 pklr1 cells exhibited a longer lag phase to reach the exponential growth phase than uninduced cells (Fig. 10) . However, in the absence of IPTG, the two cultures exhibited similar growth rates in the exponential phase. Upon addition of IPTG to the growth media (at an OD 600 of 0.3), cultures inoculated with induced W3110 pklr1 cells exhibited a reduction in the final OD, as expected. These observations suggest that the effect of expression of cloned RhsA sequences on cellular growth, as measured by OD, is not permanent and that these cells can resume a wild-type W3110 pklr1 phenotype upon introduction into fresh growth media. Analysis of RNA extracted from IPTG-induced W3110 pklr1 cells used for inoculation and from cells harvested from reinoculated cultures at the point of IPTG induction and at 3 h postinduction (circled in Fig. 10) suggests that in the absence of IPTG (and expression of the cloned RhsA sequences) the 23SЈ RNA band disappears as cells reach exponential phase and enter early stationary phase. However, in the presence of IPTG, the intensity of the 23SЈ RNA band increases with culture time. These observations suggest a strong correlation between the compromised cell growth state and the presence of 23SЈ RNA in W3110 pklr1 cells.
DISCUSSION
The sequence of Rhs elements consists of discrete structural components with different evolutionary backgrounds. Some of these structural components are preceded by ribosome binding sites and start codons, suggesting a potential for the translation and physiological role of Rhs elements inside cells. RhsA can include five different ORFs. Although the function of the entire RhsA element or each of its potential ORFs is not known, overexpression of core ORF extension (ORF-ex) has been observed to impart toxicity to cells (15) . In the current work, we studied the effect of overexpressing the RhsA components, ext-a1 and partial sequence of dsORF-a1 (both components are parts of ORF-ex) on E. coli cells and confirmed that expression of the cloned ext-a1 sequence is toxic to the cells and reduces cell growth, as measured by OD.
Our studies suggest that overexpression of ext-a1 dramatically affects the transcriptional, as well as translational, processes inside E. coli W3110 cells. Gene expression analysis at the mRNA and protein levels reveals that many genes involved in translation and posttranslational processing have a more than 2-fold increase in expression in cells expressing ext-a1. Further, IPTG-induced cells expressing ext-a1 show an altered ribosome density gradient profile compared to the uninduced a The change in protein expression was calculated relative to uninduced cells harvested 3.5 h after IPTG addition to the growth medium. cells (Fig. 6 ). Proteomic analysis of the multiple peaks observed in these gradient profiles suggests the presence of 70S subunit monomers or multimers in peaks 3, 4, and 5 ( Fig. 6b  and c) . Based on this observation, there are two plausible explanations for the occurrence of peaks 3, 4, and 5. In the first scenario, peak 3 could contain altered forms of 50S subunits (possibly due to a lack of certain 50S ribosomal proteins) in the 70S assembly, resulting in an overall smaller 70S size. Peak 4 could contain functional 70S monomers, and peak 5 could contain 100S subunits (or nonfunctional 70S dimers). In a second possible scenario, peaks 3, 4, and 5 could contain functional 70S monomers, 100S subunits, and polysomes, respectively. Proteomic analysis of peak 3 does not suggest any discrepancy in the stoichiometric composition of 50S ribosomal proteins (such as the absence of specific ribosomal proteins), thus ruling out the possibility of formation of alternate/smaller 50S subunits (and consequently smaller 70S subunits). Further, if there were indeed alternate/smaller 50S subunits, we would expect to see another peak succeeding the 50S subunit peak in the absorbance profiles. Thus, based on the observations, the second scenario seems more likely. The extra peaks observed in IPTG-induced cells correspond to 100S and polysomes. The peaks in Fig. 6 have been labeled according to the second scenario discussed above.
Cells expressing the cloned RhsA sequences show an increase in the concentrations of 30S, 50S, and 100S ribosome subunits. An increase in the 30S and 50S ribosome subunits has been previously reported to accompany an increase in rRNA synthesis in E. coli (5). Although we do not have direct evidence of increased rRNA synthesis in cells expressing the cloned RhsA sequences, we observed that mRNA expression of fis, an activator of rRNA synthesis, increased 11-fold in these cells. Further, we consistently extracted more RNA from cells expressing the cloned RhsA sequences, suggesting an increase in rRNA abundance (and hence, rRNA synthesis) in these cells. From transcriptome analysis, the genes coding for ribosomal proteins also show an increase in expression. These observations are consistent with the observed increase in 30S and 50S ribosomal subunit concentrations in cells expressing the cloned RhsA sequences. We suspect the increase in the concentration of 100S subunits in cells expressing the cloned RhsA sequences to be a result of increased sequestration of 70S 
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on October 15, 2017 by guest http://jb.asm.org/ ribosomes (which are probably more abundant as a result of an increase in 30S and 50S subunit concentrations) into the translationally inactive dimeric form (100S). An increase in the polysome abundance in cells expressing the cloned RhsA sequences could be due to a decrease in the polypeptide elongation rate during translation. A decrease in the tRNA abundance and expression of amino acid biosynthesis genes, as observed in cells expressing the cloned RhsA sequences, can result in a decreased abundance/availability of amino-acylated tRNAs (aa-tRNAs) during translation, thus increasing ribosome pausing/stalling on the transcript and decreasing the polypeptide elongation rate. A total RNA analysis suggests changes not only in RNA synthesis, but also in RNA maturation and degradation processes inside cells expressing ext-a1. Besides 16S and 23S RNA, additional RNA sequences with Ͼ99% homology to 16S and 23S (in the sequenced region) were observed in cells expressing RhsA sequences. Based on the sequencing results and the sizes of these RNA sequences, we have labeled these RNAs 16S precursor RNA (16Sp) and 23SЈ. The concentration of 16Sp is observed to increase with culture time, as well as with an increase in RhsA component expression inside cells. If 16Sp is indeed a precursor to 16S RNA, then we can speculate on why its concentration may increase. The concentration of rRNA precursors depends on rRNA synthesis and rRNA maturation (or processing) rates. The rRNA synthesis rate exceeds the maturation rate during the exponential growth phase; thus, the concentration of rRNA precursors is higher in the exponential phase. However, rRNA precursor abundance decreases as cells enter the stationary growth phase because rRNA synthesis slows down and eventually ceases (2) . In the cells expressing cloned RhsA sequences, we suspect that rRNA synthesis continues in the stationary phase (at 3.5 h) and the rRNA synthesis rate exceeds the rRNA maturation rate, resulting in an increase in 16Sp over time. We do not fully understand the reason for the presence of 23SЈ in cells expressing ext-a1. However, it is possible that 23SЈ is a partially degraded product of 23S. The presence of 23SЈ RNA only in the ext-a1-expressing cells with a compromised growth phenotype indicates a correlation between the ext-a1 biology, the presence of 23SЈ RNA, and the observed phenotype of compromised cell growth as measured by OD. This inference is further supported by the observation that ext-a1-expressing cells do not enter the exponential growth phase upon introduction into fresh medium until all the 23SЈ RNA has been processed/ degraded (Fig. 10) .
RNA analysis of the ribosome density gradient peaks suggests that 16Sp is present only in the 30S peak fraction and 23SЈ is present specifically in the 50S, 70S, 100S, and polysome peak fractions. The abundances of 23S and 23SЈ RNAs appear to be similar in the 70S (and 100S) subunit (from the intensity of 23S and 23SЈ bands in Fig. 9 ). It is not known whether 70S ribosomes containing 23SЈ RNA are functional. However, coprecipitation of 70S ribosomes containing 23SЈ RNA with those containing 23S RNA during sucrose density gradient fractionation suggests that the two ribosome assemblies have similar molecular weights and shapes.
Gene expression analysis of cells expressing ext-a1 also suggests an overall decrease in mRNA and protein expression in   FIG. 8 . Effect of ext-a1 overexpression on total cellular RNA. Total RNA was extracted and analyzed using denaturing agarose gel electrophoresis as described in Materials and Methods. W3110 pklr1 cells induced with 0, 0.1, and 1 mM IPTG and harvested 1.5 and 3.5 h after IPTG induction were used for RNA analysis. An equal amount of RNA from each sample was loaded on the gel. Bands corresponding to 23SЈ, 16Sp, and 5Sp were observed in the lanes containing RNA from ext-a1-expressing cells. FIG. 9 . Effect of ext-a1 overexpression on rRNA. RNA was extracted from sucrose density gradient fractions containing 30S (a), 50S (b), and 70S and 100S (c) ribosomal subunits and analyzed using denaturing agarose gel electrophoresis. The density gradient fractions corresponding to W3110 pklr1 cells induced with 0, 0.1, and 1 mM IPTG were used for analysis. In panel c, the lanes marked with asterisks were loaded with RNA extracted from 100S subunit fractions. 16Sp RNA was observed only in 30S subunit fractions, and 23SЈ and 5Sp RNA were observed in 50S, 70S, and 100S ribosomal subunit fractions in samples corresponding to IPTG-induced cells. the cells. Many genes belonging to functional categories other than translation and posttranslational processing show a decrease in expression. It can be speculated that the cell is diverting its resources to ext-a1 expression perturbed rRNA and ribosomal protein synthesis. A correlation between an increase in rRNA synthesis and a decrease in cellular growth has been previously reported in the literature (10) . In this work, ext-a1 expression is observed to result in reduced final OD and cell viability. The compromised state of cells expressing ext-a1 is also evident from the longer "lag" time taken to reach the exponential growth phase upon introduction into fresh culture media. Here, the samples used for gene expression and other measurements were not treated to screen out dead cells. We note that the presence of dead cells in the samples can affect our experimental measurements and confound the observations and inferences. However, a hydrolyzed amino acid analysis of the culture supernatants reveals increased protein abundance in the case of ext-a1-expressing cells with respect to the uninduced cells (data not shown). This increased protein abundance in the culture medium is likely due to accumulation of cellular protein from the lysed dead cells in the cultures expressing ext-a1 over time after IPTG addition.
The direct mechanism by which ext-a1 expression perturbs E. coli physiology is not understood. Nevertheless, an increase in ext-a1 expression appears to be directly correlated with a decrease in cell growth characteristics as measured by OD and viability, an increase in rRNA synthesis and processing, and an increase in ribosomal-protein expression. Ext-a1 expression could affect the global regulatory mechanisms that shut down rRNA synthesis upon the approach of stationary phase. Although we do not have experimental evidence, we believe that the ext-a1 protein product may directly interact with DNA, metabolites, or other transcription factors and affect different regulatory mechanisms. Further experiments investigating the interaction of the ext-a1 translation product with other biomolecules may provide better insight into the function and mechanism of action of the RhsA component ext-a1. 
